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Abstract
Increasing adoption of distributed generation, improving power electronics, and growing electronic
loads in buildings have led researchers to propose increased use of direct current (DC) power
distribution systems in buildings. As these systems have proven safe and reliable in other applications,
they are now being considered for more widespread use in commercial and residential buildings. But
nontechnical obstacles remain that have not been addressed in the technical engineering and
economic analyses conducted thus far. In this paper, we report on an expert elicitation of 17 experts
from industry, research organizations, and the implementation or operation of DC systems to better
understand the biggest nontechnical challenges to deploying these systems more broadly. Because
these challenges vary based on location, the focus of this study is on the United States of America.

Results show that the two biggest barriers are industry professionals unfamiliar with DC and small
markets for DC devices and components. To address these, experts proposed developing training
programs for engineers and electricians, and developing pilot projects to prove the benefits of DC in
niche applications where DC power distribution holds a clear advantage over AC Experts also
identified lasting and inherent benefits of DC that make these systems better suited to serve future
building loads. These include their ability to interface with distributed generation and onsite DC
generation sources such as solar photovoltaics, as well as their ability to communicate and supply
power over a single distribution line. Finally, experts identified research priorities to make a better
case for what appears to be a promising technological solution to safely and reliably powering future
buildings.

1. Introduction

Recent research on direct current circuits and devices
has largely concluded that these systems have the
potential to generate modest energy and cost savings
in residential and commercial buildings by central-
izing and reducing the number of power converters
serving building loads and implementing efficient DC-
internal end uses [1–3]. Supported by these findings,
researchers, manufacturers, and industry groups are
now turning their attention to demonstration projects
and the development of products and standards to
capitalize on what is seen as a new market for energy-

efficient devices and services [4–7]. But investment in
DC technologies may be premature. Widespread adop-
tion of DC microgrids will depend on a number of
factors, only a fraction of which have been captured
by the engineering and economic analyses conducted
thus far.

In this paper, we explore the nontechnical barri-
ers to more widespread adoption of DC circuits and
devices in residential and commercial buildings. Many
such barriers have been identified in previous studies,
but not analyzed in detail. These include a lack of stan-
dards, small markets for DC devices and components,
uncertain utility interaction, and public perceptions
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that DC is dangerous or foreign, among others
[1, 3, 8, 9]. Developing a better understanding of these
barriers can serve to inform and direct future research
and development activity to minimize or eliminate
their impact on the deployment of DC.

Current research and development efforts in DC
power systems for buildings are international [8, 10–
15]. In Japan and South Korea, partnerships between
government, academic, and industrial groups have
made these two nations leaders in the technological
development of DC-powered buildings and micro-
grids [8]. Together with these countries, the US-based
EMerge Alliance is leading the development of stan-
dards to simplify and accelerate adoption of DC power
systems in buildings. As these standards gain trac-
tion, attention is now turning to additional challenges
to the adoption of DC buildings. Many of these
are related to various standards, codes, and other
regulations that are largely defined and adopted at
a national level, making many of these challenges
country-specific. Thus, while the future of DC build-
ings will be determined by international research and
development efforts, the focus of this paper is on the
United States where these nontechnical challenges are
relatively well-understood and efforts are underway to
overcome them.

Expert elicitation is a tool intended for instances
where analytical methods are unable to handle some
factors relevant to the research questions at hand. This
makes the method well-suited to analyzing the tra-
jectories of developing technologies where ongoing
research and development efforts, policy interven-
tions, public perceptions, and other non-technological
factors are critical to future deployment. Expert elic-
itations are also useful in identifying and better
understanding key parameters that will determine the
fate of emerging technologies, and identifying critical
research and development efforts needed to move those
technologies forward.

These elicitations often aim to define subjective
probability distributions of key uncertain parameters,
often related to system costs, which can be used to com-
pare a given technology to alternatives. For example,
[16] used expert elicitations to assess future module
costs of several solar photovoltaic (PV) technologies
under varying policy scenarios. This allowed for con-
clusions to be reached not only about the future
cost-competitiveness of solar PV, but also about the
effects of different policy interventions.

Such methods are not restricted to defining dis-
tributions for uncertain parameters. Rao et al used
expert elicitation to assess possible improvements in
key parameters which determine the performance and
cost-effectiveness of existing CO2 capture technolo-
gies, thus allowing a comparison to more novel and
unproven systems [17]. In addition to estimating 4
key defining parameters of these systems, the study
also asked participants to classify 19 research objec-
tives as high-, medium-, or low priority in minimizing

the overall cost of CO2 avoidance. The resulting
rankings allow the most pressing research needs to
be identified and compared to the focus of recent
research in the field.

A more comprehensive expert elicitation was
conducted jointly by CMU’s Center for Climate and
Energy Decision Making, the International Risk Gov-
ernance Council, and the Paul Scherrer Institute
to assess the feasibility of deploying small modu-
lar nuclear reactors (SMRs). At a two-day workshop
attended by an international assembly of nuclear
experts, a workbook format was used to elicit judg-
ments on a wide range of topics [18, 19]. This format
included traditional methods of determining subjective
probability distributions of important parameters, but
also asked more open-ended questions and included
a variety of exercises that help identify and address
potential risks and non-technological barriers that
would need to be overcome for SMRs to be adopted.

We adopt this format and apply it to better
understanding the challenges and uncertainties facing
increased adoption of DC circuits in residential and
commercial buildings. In section 2, we discuss these
challenges as they have been identified in the existing
literature. Section three discusses the experts and elic-
itation methods used. Section four presents the results
of the elicitation and section five provides a discussion
of these results and conclusions reached.

2. Literature

The existing literature on DC power systems in build-
ings and microgrids identifies a number of barriers to
more widespread adoption of this technology. In this
section, these barriers are described and summarized
before experts identify which are most pressing.

2.1. Shock and electrocution risk
There is presently no scientific consensus as to
whether alternating current (AC) or DC power is
more harmful physiologically if contacted. Some argue
that DC poses more risk, as a direct current shock
could cause muscles in the forearms and hands to
clench and lock the victim to the exposed conduc-
tor. Dalziel and Massoglia conducted a study in the
1940s and 1950s to test this by measuring the ‘let-
go’ currents and voltages of AC and DC power [20].
While the paper is still widely cited, the study design
and testing method of simply administering elec-
tric shocks until study participants could no longer
release an electrode prevent any reliable conclusions
from being drawn.

The National Fire Protection Association’s (NFPA)
National Electrical Code (NEC) and Standard for
Electrical Safety in the Workplace provide further
evidence of the uncertainty surrounding the relative
safety of AC and DC power systems. The NEC does
not currently distinguish between AC and DC for
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circuits carrying less than 600 volts, meaning that
both types of circuits face the same functional safety
requirements regardless of current form [21]. The
Standard for Electrical Safety in the Workplace does
provide separate guidelines for workers approach-
ing exposed AC and DC conductors. However, at
the distribution voltages present in buildings, the
recommended precautions are nearly identical [22].

Much of the preliminary work on developing stan-
dards for future DC systems has sought to minimize
potential hazards of DC systems and ensure future
electrical code compliance. The Emerge Alliance Occu-
pied Space Standard was developed with this in mind,
resulting in a 24VDC standard which falls into the
NFPA’s Class 2 circuit designation [9]. Class 2 circuits
are considered intrinsically safe, providing ‘acceptable
protection from electrical shock’ [23]. Higher voltage
circuits will not fall under this classification, and will
need to be designed, installed, and inspected to ensure
they pose no greater shock and electrocution risk than
equivalent, existing AC circuits.

2.2. Fire risk
DC circuits are prone to arcing during switching or
circuit breaking, as there is no natural passage through
zero current to quench arcs as occurs in AC circuits
[24]. Without appropriate arc quenching capabilities,
DC circuits may therefore pose increased fire hazard
over comparable AC circuits. Direct current circuit
breakers are commercially available that provide one
line of defense against potentially dangerous arc faults
[24]. In AC circuits, Ground Fault Circuit Interrupters
(GFCIs)provide a second level of defense.The intended
purpose of these devices is to prevent electrical shocks
to people during ground faults at much lower cur-
rents and powers than would be required to trip a
circuit breaker [25]. The same functionality means that
these devices simultaneously reduce fire risks caused
by small arc faults. Unfortunately, GFCIs are only
available to protect AC circuits. While technological
solutions exist to provide similar protection in DC cir-
cuits, these devices are not yet commercially available.
This lack of DC GFCIs could be seen as incrementally
increasing the risk of DC circuits in buildings.

2.3. Public perceptions of DC
While it is unclear whether AC or DC circuits are more
dangerous in the event of an electric shock and the fire
hazard of DC circuits is likely only incrementally higher
than inACcircuits, publicperceptionsof these riskswill
play a role in determining their adoption. Additionally,
consumers’ fundamental lack of familiarity with DC
power systems may cause concern among the public
about the safety, reliability, and costs of DC circuits
and devices.

Similar concerns arose around the deployment of
smart meters. Raimi and Carrico explored perceptions
of smart grid technologies in response to a small but
vocal minority view that smart meters posed health,

privacy, and cost risks [26]. In that case, consumers
ultimately have little control over widespread adoption
of smart meters. But adoption of DC circuits will be
voluntary, so public perceptions of these systems could
affect their deployment.

2.4. Reduced reliability
Proponents of DC distribution systems argue that the
reduction in power electronics required to serve DC
native loads will actually make these devices more
reliable as their power supplies are simplified [10].
However, the power electronics and end-use appli-
ance technologies proposed as replacements for our
current AC devices are not currently manufactured at
large scale. At the scale needed for widespread deploy-
ment, these would essentially be new products for many
manufacturers and could potentially suffer the same
reliability issues as new devices.

2.5. Engineers, electricians, inspectors, regulators,
and others unfamiliar with DC
DC distribution systems in buildings are still uncom-
mon, so very few professionals have experience with
these systems. Simply overcoming this lack of infor-
mation and experience to design, build, certify, and
regulate these circuits will pose a challenge. Until these
professions develop experience with DC, this lack of
familiarity could magnify concerns surrounding the
safety, reliability, and cost of their implementation and
operation of these systems.

A lack of trained electricians was identified as a
challenge to DC distribution systems and servers in
data centers by Ton et al [27]. The authors of that
report called for the development of training programs
for both work safety and recommissioning of these
systems.

2.6. Uncertain utility interaction
There is no clear model for how a utility interacts
with a DC building or microgrid. Technical analyses of
these systems typically assume that a customer-owned
rectifier or bidirectional inverter will be installed down-
stream of the utility meter, and therefore should not
pose any challenges to the existing utility-customer
interface. However, potential nontechnical barriers
have been identified and discussed by Savage et al in [9].
These include uncertainties surrounding net metering,
utility ownership, and renewable electricity standards.
Additional issues with existing utility agreements were
identified in [3]. These issues were related to the word-
ing of these agreements referring only to traditional
AC systems, which would need to be modified if DC
systems are more widely adopted.

One concern that utilities may have with
widespread use of these systems relates to the power
factors seen at building-level rectifiers or bidirectional
inverters. At a smaller scale, power factor requirements
are now included in ENERGYSTAR requirements for
some electronic devices [28]. Similar requirements
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would be needed for the large rectifiers and bidirec-
tional inverters converting grid AC power to DC at the
building level. Absent these requirements, power fac-
tor penalties might one day be needed at the residential
level similar to their application to utilities’ industrial
customers.

2.7. Power quality concerns
Several papers cite improvements in power quality
as a potential benefit of DC power systems [1, 29].
However, there is some disagreement as to whether
this would actually be the case. Whaite et al reviewed
examples of applications of DC architectures and
found that power quality concerns in datacenters,
homes, telecommunications systems, and renewable
collector systems need to be better understood to
properly design future DC systems [30].

2.8. Regulatory uncertainty
The National Fire Protection Association’s National
Electric Code is the standard by which nearly every
state and municipality in the US ensures safe elec-
trical practices are followed [31]. The NEC does not
currently distinguish between AC and DC for circuits
carrying less than 600 volts [9]. While this means DC
systems technically fall under the existing code, the
lack of distinction and specific reference to DC could
be cause for concern. Savage et al argue that DC sys-
tems should be better specified in this code to avoid
this concern.

2.9. Lack of standards
In addition to the NEC ensuring safe electrical prac-
tices, there are a number of other relevant standards
that address other aspects of building electrical systems.
Organizations such as the National Institute of Sci-
ence and Technology (NIST), the American National
Standards Institute (ANSI), the National Electrical
Manufacturers Association (NEMA), and the Insti-
tute of Electrical and Electronics Engineers (IEEE) all
maintain standards that govern aspects such as line
voltages and tolerances, metering accuracy, and device
safety. While many of these organizations have stan-
dards that apply to DC power systems in niche roles,
most of these were never intended for widespread
public adoption of DC circuits and devices.

The 24 VDC standard being promoted by the
Emerge Alliance is the most advanced effort to estab-
lish a voltage standard for DC circuits in buildings [6].
However, this has not yet been formally adopted by
government or other bodies [2]. Before DC power sys-
tems can be widely deployed, applicable standards will
need to be developed and accepted to ensure the safe,
reliable, and efficient operation of these systems.

2.10. Diversification of buildings and appliances
Adoption of DC circuits in buildings will mean devices
and services cannot be universally exchanged between
buildings without specifying the circuit type. This

increases uncertainty and complicates equipment pur-
chasing decision-making and prospects for reselling of
equipment at a later date. A similar issue was identi-
fied in [27] that called for additional labeling to clarify
whether a system is AC or DC for personnel working
on and interacting with the system.

A counterargument is that universal adoption of
DC would improve interoperability between countries
and continents as specifying the line frequency would
no longer be an issue.

2.11. Small markets for DC devices and components
While nearly all devices and components can be made
to operate on DC, manufacturers will see a risk in
serving what will initially be a small market of early
adopters. As a result of this lack of economies of scale,
prices for these components and devices are currently
much higher than for equivalent AC devices [3]. Con-
sumers might also see uncertainty in purchasing DC
devices and components from companies that might
abandon their DC product lines, or that might not exist
if DC does not flourish in the near future. This creates
a disincentive where, without outside intervention,
both manufacturers and consumers will be skeptical
of this new market and progress and adoption will be
slow.

3. Methods

3.1. Identifying the experts
Experts in this study were all based in the United States
and came from a variety of backgrounds. The majority
came from research institutions such as universities,
national labs, and industry research institutes. These
participants were identified based on their recent pub-
lications on topics either directly or indirectly related
to the deployment of DC circuits and devices in homes
and commercial buildings. Industry experts came from
companies that either currently manufacture devices
or components for DC circuits, have expressed inter-
est in this new market, or oversee and implement
standards that regulate the safety and reliability of
DC devices and components. Many of these indus-
try experts were identified through their participation
in an industry group called the Emerge Alliance. This
is an open industry association dedicated to devel-
oping standards for the adoption of DC circuits in
commercial and telecommunications applications [6].
Finally, practitioners such as electrical engineers, con-
tractors, and project managers with experience in DC
systems provided their hands-on expertise in dealing
with these systems. These individuals were identified
based on their experience in the design, construc-
tion, and operation of a DC microgrid located in
Pittsburgh, PA [4]. The final set of experts included
17 individuals from industry (6), research organiza-
tions (6), and the implementation or operation of
DC systems (5).
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Figure 1. Ranking results of applications most likely to adopt DC distribution systems.

A total of 32 experts were recruited to partici-
pate in this study. This number was reached following
an extended review of individuals’ backgrounds and
experience. In identifying experts, our first priority
was finding individuals with the necessary knowledge
to support informed decision making regarding the
future of DC power systems in buildings. Our second
priority was ensuring that these individuals’ profes-
sional experiences were diverse enough to present a
broad view of the challenges and opportunities associ-
ated with this technology. The final sample of experts
strikes a fair balance between these two competing
priorities.

3.2. Elicitation protocol
Following previous protocols [18, 32], an online sur-
vey was designed to gather and record responses from
the experts. Individuals were initially contacted by
email, and the elicitation took place over the phone
while the experts completed the online survey on their
own computers. Responses were either entered into
the online survey form or discussed over the phone
and transcribed. A copy of the material and ques-
tions included in the online survey can be found in
the supporting information available at stacks.iop.org/
ERL/13/074004/mmedia.

The survey began with a brief introduction to
the subject matter, format, and goals of our study.
To familiarize the participants with the confidence
intervals they would be providing in response to the
elicitation exercises, three calibration questions were
administered. The answers to these questions were
then provided to the experts and they were given feed-
back to inform them of possible overconfidence in
their responses. Experts were then asked to rank the
applications most likely to adopt DC power systems
in the near future. This was followed by two similar
exercises which asked the experts to rank the positive
characteristics that make the strongest case for more

widespread use of DC, and the negative characteristics
that pose the greatest challenge to that adoption.

Next, a hypothetical commercial office building
was described to frame the next few questions. Experts
were asked to estimate the costs of implementing DC
and hybrid AC/DC circuits in this building now and
in the future. Then voltage standards were elicited,
with experts describing the most likely voltages and
system architecture for the building. Finally, a series
of open-ended questions were posed about long-term
trends and their effects on adoption, potentially dis-
ruptive technologies, and research priorities to address
in moving forward.

Experts’ responses were recorded by the online
survey tool, and audio recordings of the interviews
were transcribed to record responses to open-ended
discussion questions. All responses were sent to the
experts to review both their short-form question
responses and their transcribed discussions.

4. Results

4.1. Applications for DC
Experts were asked to rank the three applications which
they thought are most likely to adopt DC power dis-
tribution in the future. Figure 1 shows these results.
The four highest ranked applications were datacenters,
developing world microgrids, commercial buildings
with both AC and DC circuits, and electric vehicle
charging stations.

To see how these results vary by experts’ back-
grounds, figure 1 and all subsequent figures are
reproduced in appendix B with experts from industry,
research, and operation of DC systems shown sepa-
rately.

4.2. Key characteristics of DC
Figure 2 shows experts’ rankings of the positive char-
acteristics of DC circuits that make the strongest case
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Figure 2. Positive characteristics of direct current.
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Figure 3. Negative characteristics of direct current.

for more widespread use of DC in commercial and
residential buildings.

Energy savings from reduced power conversions
was the most highly cited positive characteristic of DC
systems. Many experts highlighted the fact that this
was the biggest selling point being used in efforts to
drive adoption of DC as the reason for their ranking.
Others said that while energy savings make for a conve-
nient talking point, they would not be enough to drive
adoption on a large scale.

Nearly as commonly cited were the potential
reliability improvements offered by DC distribution
systems and end uses. The reasons offered for this
were largely twofold. First, the reduction in power con-
version steps required to serve DC-internal end uses
simplifies the failure-prone power supplies to these
devices. Secondly, many experts mentioned the ease
of integrating storage in DC systems and raised the
potential for creating building-level microgrids to deal
with grid outages. This was closely related to the next
most commonly cited benefit that DC systems enable
efficient energy storage. Discussion of these responses
often described a future where on-site renewables, bat-

tery storage, and DC end uses were connected by a
common DC bus. DC was seen as a solution to simpli-
fying and reducing the costs of such systems. Similar
discussions were provided as reasons for the next two
most commonly cited benefits: solar PV and overall
system capital cost savings.

Next, experts were shown the list of 11 negative
characteristics ascribed to DC circuits from section
2 and were asked to identify the three that pose the
greatest challenge to more widespread use of these
systems. While more than the top three such barri-
ers will need to be addressed for DC to be adopted on
a large scale, experts’ responses to this exercise provide
a measure of the relative priority of these barriers as
they are currently understood. Figure 3 shows experts’
rankings.

Small markets for DC devices and components
were the most highly cited negative characteristic of
DC systems. Many experts described this as a chicken-
and-egg problem where manufacturers are hesitant to
build devices and components for a small and uncer-
tain market and consumers are therefore faced with
high prices for the few devices that are available.

6



Environ. Res. Lett. 13 (2018) 074004

Figure 4. Experts’ estimated distribution system costs for (a) an all DC building under current market conditions, (b) a hybrid system
serving only lighting and computer workstations under current market conditions, and (c) an all DC building 10 years in the future.

Similarly ranked was the characteristic that engi-
neers, electricians, building inspectors, regulators, and
other industry professionals are unfamiliar with DC
power systems. This prevents DC systems from being
deployed as there are simply not many profession-
als familiar enough to recommend them at the early
stages of a project. As a secondary effect, engineers
and electricians will initially charge more to design and
install these systems. These professions prefer to fol-
low proven, standard designs and heuristics. Departing
from those standard practices requires extra time to
ensure the systems are safe and reliable.

Finally, a lack of universally accepted standards was
in over half of the experts’ top three negative char-
acteristics. Standards were seen foremost as a means
of providing manufacturers with technical guidelines
from which they can design and build devices. But
standards also were mentioned as providing both con-
sumers and manufacturers a measure of confidence
that DC systems in buildings are a vetted and viable
technology alternative.

4.3. DC distribution system costs
Experts were asked to estimate the overnight capital
cost to outfit a standard commercial office building
with DC circuits. To reduce variance in the responses
experts were told to consider only the distribution sys-
tem itself. The additional costs of building-level power
electronics, appliances, and controls are not included
here. These components would add a large capital
cost that was intentionally excluded from this exer-
cise. To serve as a reference point, experts were told
that the cost for an equivalent AC system—providing
1000-amp service with panel boards and feeder lines—
was $3.66 per square foot of floor area [33]. There
is undoubtedly uncertainty around this value that is
not presented. For the purpose of this exercise we
provide only the point value estimate as given in
RSMeans, an industry standard construction cost esti-
mation database. Figure 4 shows experts’ estimated
95% confidence interval and best estimate costs for (a)
an all DC building under current market conditions,
(b) a hybrid system serving only lighting and com-

puter workstations under current market conditions,
and (c) an all DC building to be constructed 10 years
in the future.

Based on a lack of confidence in their own abilities
to estimate DC system costs now or in the future, five
of the 17 experts did not provide responses to any of
the three questions in this exercise. Of the 12 remaining
experts, only nine elected to estimate current system
costs for an all DC system. The remaining three did
not think an all DC system was feasible at this time.
Results show that most respondents believe that all-DC
systems would be—to varying degrees—more expen-
sive than equivalent AC circuits. In explanations of
their responses, experts frequently mentioned higher
equipment costs for DC systems due to their relative
scarcity, but lower labor costs as a result of low voltages
which allow for less qualified workers.

All 12 responding experts thought a hybrid AC/DC
building was now feasible, and were willing to provide
cost estimates.Responses show that nine experts believe
such a system could reduce capital costs compared to
the traditional AC system, while two others believe that
the same system could be over twice the baseline AC
cost.

Finally, experts were asked to estimate costs for the
all-DC system 10 years into the future assuming there
is no major outside intervention to prevent or impede
the adoption of DC power systems. Of the 12 respond-
ing experts, 1 did not believe an all DC system would
be feasible even after 10 years of development. Most
estimates show future all-DC system cost ranges that
either include or are slightly below the current AC sys-
tem cost. Two responses, from experts E and L, indicate
that prices for these systems will increase slightly over
the next 10 years. This goes against typical trends with
new technologies that learning curves and economies
of scale drive costs down over time. While these
responses were not explicitly discussed, these results
likely indicate changing technologies and increasing
power electronics costs in the DC distribution circuits
inside buildings over the next decade.

The values provided here provide only a rough esti-
mate of the current and future costs of DC distribution
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Figure 5. Experts’ expected voltage levels and current forms.

systems in buildings. While these results are only rough
estimates, they show that most experts believe that
these systems have the potential to provide slight cost
savings compared to a traditional AC system. Alterna-
tively, they could also be significantly more expensive
over the next ten years.

4.4. Standards
Referencing the same hypothetical commercial office
building, experts were asked to identify the voltage
levels and current forms most likely to be seen in
future buildings wired with DC circuits. Figure 5 shows
experts’ responses. The figure on the left shows the volt-
age levels and current forms chosen by each expert, and
the figure on the right shows the number of times each
combination was selected.

The two most common voltage levels chosen were
48VDC and 380VDC, followed by 24VDC, 120VAC,
and 480VAC. 48VDC was described as a replacement
for the 120AC standard. It would serve similarly sized
loads, not suffer as much line loss as lower proposed
replacements, and be accessible at the plug level with-
out safety concern. 380VDC was cited for larger loads,
and convergence to this level was due to its promo-
tion and existing use in data centers that would easily
transition to other buildings and loads. 24VDC was
described for serving smaller electronics and lighting,
with industry promotion cited as the reason for conver-
gence on this level. Maintaining a 120VAC distribution
circuit was often mentioned to give the option to con-
tinue using existing devices in future hybrid buildings.
And finally, 480VAC was described for large loads
such as HVAC equipment where a DC alternative
may not be readily available.

Five experts described flexible voltage circuits,
most commonly at low voltage levels to serve small
loads. Similar to the USB Power Delivery specifica-
tion, these circuits were described as having the ability
to provide various DC voltages to devices that com-
municate their required voltage to the circuit. Thus,
these types of circuits are capable of serving elec-

tronic devices with varying voltage levels on a common
circuit.

Next, the experts were asked if they had any con-
cerns about the systems they described as most likely to
be adopted. If they identified any such issues, they were
asked to describe the system architecture that should
be adopted. There were two common responses to
this question: that the 24VDC standard that indus-
try appears to be converging toward is too low, and
that higher voltages would have benefits when onsite
generation is available. 24VDC was seen as generat-
ing too much line loss and 48VDC would reduce
that and be similarly safe. 48VDC also has the ben-
efit of having been used in the telecom industry for
decades, meaning that expertise and some compo-
nentry already exist and have been proven safe and
reliable. For higher voltages, experts cited 760VDC to
1000VDC distribution buses for collecting power from
solar arrays. These would be stepped downbefore being
distributed throughout the microgrid at the voltages
identified above.

4.5. Long-term viability
As the experts identified above, one of the primary
benefits cited of DC circuits in buildings is the energy
savings generated by reducing the number of power
conversions required to serve DC-internal end uses.
However, as power electronic conversions become
more efficient, the savings generated by eliminating
those conversions will diminish over time. Of the 17
experts interviewed, eight said that this trend will not
change the outlook of DC systems in the future and
six said that it could. Most experts cited other positive
characteristics of DC systems as being the real drivers
of future adoption.

Another trend relevant to adoption of DC relates
to raw material supplies. Central in most analyses
of DC circuits in buildings is an assumption that
efficient DC appliances will be adopted. Many such
appliances replace traditional electric motors with per-
manent magnet motors. Beginning in 2011, due to a
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combination of increased demand from electric vehi-
cles and Chinese production quotas, magnetic material
prices increased rapidly for several years before falling
back to close to their original price. Experts were asked
how the outlook of DC systems would change if a simi-
lar price fluctuation increased magnetic material prices
by 20%. Nearly half of experts were unsure, and only
one expert expected this to significantly change the
outlook of DC systems in the future.

4.6. Disruptive technologies
Next, experts were asked to describe any tech-
nologies that could potentially change—positively
or negatively—the trajectory of DC power distribu-
tion, DC microgrids, or DC appliances in buildings.
Responses showed optimism about developments in
related technologies that would positively influence
adoption of DC.

Most commonly cited was increased adoption of
battery storage—either as a dedicated system or as part
of vehicle-to-grid storage architectures—and pairing
that storage with increasingly affordable and accessible
solar PV arrays. Experts thought that as more homes
and buildings began installing these systems to reduce
their reliance on grid power, the better the case became
to distribute generated power to the batteries and inter-
nal loads as DC Thus, any developments that would
increase adoption of batteries, EVs, or distributed gen-
eration sources producing DC would also positively
influence adoption of DC.

Also commonly cited were advances in digital
power delivery or combined communication and
power delivery systems like Power over Ethernet.
Such systems allow end uses to be controlled and
powered over a common line, while simultaneously
allowing end uses to communicate back to a central
hub. This kind of power delivery inherently operates
over DC lines, often at low voltages, so these systems
deliver the same reliability, space flexibility, easy instal-
lation, and low shock risk benefits. As existing trends
continue to increase the automation, connectivity, con-
trol, and overall intelligence of buildings, the case for
distributing power as DC will only improve.

4.7. Research priorities
Finally, we asked the experts to reflect on their roles,
their knowledge of the state of the industry and technol-
ogy, and the questions we posed during the rest of the
elicitation and identify what they consider to be the top
research priorities going forward. Table 1 summarizes
these responses.

5. Discussion

In this study we present 17 experts’ judgments on the
barriers and opportunities to more widespread use of
direct current power systems in buildings in the United
States. While there are major hurdles that need to be

Table 1. Summary of research priorities.

Research objective Mentions
(Qty)

Understanding use cases where DC has a clear advantage
over AC

6

Developing devices and components for DC systems 5
Integrating communication and power delivery 4
Building demonstration projects 3
Better understanding energy and cost savings potential 3
Better understanding power quality issues 2
Better understanding the potential for implementing DC
as a retrofit

1

Better understanding transactive power potential of DC 1
Better understanding resilience benefits of DC 1
Training and educating professionals 1
Better understanding power scavenging 1
Developing voltage, metering, safety, and other standards 1
Better understanding electromagnetic emissions in DC
buildings

1

overcome to see them more widely deployed, there
are fundamental advantages that make these systems
better suited than our existing AC building infrastruc-
ture to meet the needs of future buildings. Similar
hurdles and advantages likely exist in other countries,
but the experts and context of this paper are limited
to the existing markets, technologies, and regulatory
environments in the US.

One main focus of research into the prospect of DC
circuits in buildings to this point has focused on the
potential energy savings generated by centralizing and
reducing the number of power conversions required
to supply building loads. While experts thought
this was a major determinant of the success of these
systems so far, the long-term viability of DC power
systems is less dependent on energy savings than exist-
ing literature suggests. While there are fairly clear and
significant energy savings to be generated, experts were
not confident that these savings alone are enough to
drive adoption.

Instead, experts cited a number of other known
benefitsofDCaspromotingadoption.These are related
to ongoing trends that are already driving adoption
of other technologies such as increasing attention to
resilience and increasing demand for centralized con-
trol of end uses. The direction and strength of these
trends suggest that DC power systems are better techni-
cally suited to serve the increasingly DC-internal loads
in modern buildings.

Finally, the biggest challenges to DC were iden-
tified as being the small markets for these systems
and professionals unfamiliar with them. To address
these, experts proposed training engineers and electri-
cians on DC systems, and identifying niche use cases
where DC power distribution holds a clear advan-
tage over AC and building pilot projects to further
prove the technology is safe and reliable. Efforts in
Japan and South Korea are already making progress
on overcoming these barriers through the construction
of large-scale demonstration projects. Similar efforts
in the United States can build on those experiences,
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advance understanding of the challenges and oppor-
tunities of these systems, and continue development
towards adoption of what appears to be a promising
technology.
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